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MEG
Magnetoencephalography

A: Instrumentation




What is a SQUID?




Basics of SQUID Operation

I=Isin6 ,

Josephson Equations: © is phase
across junction, I=current, V=
junction voltage, ®, = h/2e=2.07

fWb (flux quanta)

a) Schematic diagram of
DC SQUID, L, is

superconducting flux

transformer
b) Voltage across SQUID
depends on bias T, and is

periodic function of the

incident flux @, .



Principles of MEG
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The SISG
MEG System

Superconducting
“helmet” made of
a thin lead sheet.
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155 ch SQUID
array installed
inside
superconducting
s imaging surface

““helmet”

‘n

Integrated
SQUID sensors
and pickup coils

A large array sensor for MEG |-
based on the superconducting

imaging surface gradiometer
concept.
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- 248 axial gradiometers

The Dewar | (low noise)

The MEG instrument at the Minneapolis Domenici Center
(Magnes 3600WH, 4-D Neuroimaging, San Diego, CA)
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MEG
Magnetoencephalography

I'maging the Brain

SpatioTemporal Analysis of

Sensor Magnetic Fields to

I'mage Brain Sources using
EM Inverse Solutions




milliseconds: 50 Magne’ric
T field contour
lines, plotted
here as a
function of
time, are used
to determine
heural
sources.

Response
of the brain
to a visual
stimulus.

i m
~ |

|

Senior Scientific The University of New Mexico



- (11 m

~ |

Senior Scientific The University of New Mexico



MEG
Magnetoencephalography

I'maging the Mind
EXamine correlationstbetiveen
magnetic fieldimagnitiderand

ime N sensor space
(Nerinverse problem)




Dlefey Aflei)ysis =~

Analyses are perfiormedi o esfimaie
quantitatively the synchrenous (ile. zero-lag)
intieractions; between signhals firems pairsiof
Sensors) 10 assess) dynamic brain funciion.

o ) Calculatie all pairwise’ zero-lagi cross-

correlalions

o ) Calculahe e pariial zero-1ag) cress-
correlations witnin ihe 248-sensor network
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DElENARGIVSISENZ

o e MEG Time series are “10)
fitiinglan ARTMA (AutioRegressive
LniegrativerMoeving Average) Box-Jienkins
modelland Taking e residuals

s\l isiprocedure vields prachically stationary.
series from which CCEis estimated
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Pezelierions o daiy MEEC
Slgnalss Musie P2gezorior

e Subjjecisilisiened iora musicalipiece
whilesMEG was recorded

e Singlerialsianalyzed using
mulTivariaie regression oi- MEG datia on
MIDITnoes of fhepiece

o RredictingtMIDI notestlisiened 1o




Miusic Stimulus, A




VIUSIC PrErICHoRNA
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o EXxamine correlationsibefweenmaghetic field
maghittude and Time in Sensorispace

o Alllpossible zero-lag| pariial cross-correlations
peiiween 248 sensors (= 30,626)

e, Posiiiive orihegative
oWl-thsiemporal resolliion = firue synchronicity
o Simhiertixation ~ ook at ardoifor45 ~ 60 sec




DISCRImMINanitcIassificaiionianalysis

Cinear discriminaniranalysis
RobUsT, cross-valiidated leave-one-ouirmefhod

10075 correct classification off 52! subjects 1o
one oift 6/ groupsi(lhealiiyiconiroll, AlZheimers
Disease, schilzopnrenia, Chronic alconolic,

multiplesclerosis, Sjogrenisisyndrome) using
as fiewiast 10/ zero-lag crossr-correlationsias
prediciors

Sulchiselsiare found in numbers far inlexcess
of\ihoselexpecied by chance




Canonical Discriminant Functions
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Superparamagnetic Particles and the
Detection and Imaging of Disease
using Magnetic Sensors




Magnetic Nanoparticle with
antibody attached

Typical magnetic core
diameter is 20 -30 nm. agnetic Core

Typical bio-coatings are: [Raiill
Carboxyl, starch,
streptavidin, PEG

Antibodies are specific
markers for various types
of cells; e.g., T-cells,
various types of cancer
celishetc.
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Superparamagnetism
Iron-oxide nanoparticles <100 nm diameter

Particles consist of a single magnetic domain.

All internal atomic magnetic moments are aligned
(homogeneous magnetization)

Free particles randomize quickly by Brownian Motion

Bound particles decay by Néel Mechanism

Particles exhibit large magnetic moments when
maghetized

Particles behave as paramagnetic when not magnetized
(they de\not agglomerate)




Scanning Electron Microscope View of
Nanoparticles

Monodisperse
magnetite 20 nm
diameter, made at
Center for
Integrative
Nanotechnology
at Sandia National
Laboratory (Dale
Hubég)




Nerlgoagriclzs foris o Weegnzric Didge)z
WhRenaNnagnelZngipliseNsiapplice

e Aninduced colleciiverdipele momeni J(H)lisiihe
resuliy ofr alighmenit oiff a collection off NI particles
edchiwilh aimomenii i, by an externallpulsed field
B fora duration o,

s (I(%)1decays as theindividual particle erientations
reldx, This s called e remanence Hme.
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The interaction of a nanoparticle of
magnhetic moment y with a magnetic field

Langevin function L(x) vs x

The average value of the cosine of
the angle between is

cos@=[e"" cos@dQ)/[e""dQ)

The Langevin function, L(x) gives

the average value of cos 6 where
x= HBY/KI}

Senior Scientific

L(x)=coth(x)—1/x




VigalZ foginzel o i12 ilegnziic otz
eirlel Trs el2eey
Each nanoparticle of radius r is aligned by the field of

pulsed Helmholtz coils to form an initial moment determined
by the Langevin function and the Néel relaxation time:

p,(r,t,,B)=pu L(x)[1-exp(t,/7(r,B))]

The decaying dipole seen by a SQUID is the sum
of all the aligned nanoparticle moments as they
randomize when the field is quenched.

wlt,t,B)=N ]o drP(r)u (r,t,, Byexp—t/7(r,0))




BrownianVaiNeelRe | axa o Nmes

Free Particles Bound Particles
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Superparamagnetic Particles and the
Detection and Imaging of Disease




/-Channel SQUID Measuring Chamber

Helmholtz

Source

Non-Magnetic
Sjage
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Second-order gradiometer Sensor Array

Measures 2nd derivative of magnetic
field to minimize background pickup of
external fields. Permits operation
without the need for a magnetically
shielded room.




Methodology

1) Antibody-nanoparticles injected into subject (< 1mg Fe).
2) Subject placed under sensor system

3) Magnetizing pulse applied (38 Gauss applied for 0.30 sec)
4) Remanence fields measured for two Seconds

5) Magnetic moment and location of source(s) obtained

6) Number of detected cells determined

E R Flynn and H C Bryant, "A biomagnetic system for /n vivo cancer
imaging,” PhysicsiinMedicine and Biology 50(2005) 1273-1293
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VigZas2 elZpZearion afdezelijpz

Calibratie Cellf Sensifivity:
¢ Measlre maghetic momeni per particle by

fiitiingI magnetizationiclryve forCangevin
filnction

e Measure magnetic moteni oi: celllsample witiih

kKnown number o1 cells

sxcalculate numder ot nanopariiclesy.cell for
eachcellype
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Superparamagnetic Particles and the
Detection and Imaging of Disease




Clinical Arrangement in unshielded environment

SQUID Sensor

Magnetizing Coil




Growiho i auman umors
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Breast Cancer

Breast Phantom
with two vials

of live breast
Cancer cells
(MCF-7)

Coupled to
Magnetic
nanoparticles with
HER-2 antibodies

Sensitivity for breast cancer
cells = 10° cells for depths up to
8 cm into breast. Imaging
accuracy is +/- 3 mm.
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Breast Cancer Markers and Cell Lines
currently under study

HER-2 antibodies
CA27.29 Breast Tumor Marker present on epithelial cells and

elevated in breast cancer (33% in early and 67% in late stage
cancer)

CA15-3 also elevated but not as specific

VIPO! (vascular imaging peptide O1)binds to the integrin
a,p; shown to be overexpressed at sites of
neovascularization and metastasis.

BT-549, MDA-MB-436, MDA-MB-134-VI, HCC202,

HCC1008, ZR-75-1, T-47D, MDA-MB-231, and BT-474.
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Mouse Model of Human breast cancer

SCID Mouse with
human breast
cancer Xenograft
on flank.

MCF7 Cancer Cells

Mouse injected
with Nanoparticles

coupled to HER-2
antibodies

$
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Results of Mouse Tumor Study

Magnetic moment
(X 1E+O7 A_mz) Magnetic Signal from Mouse after Intratumoral injection

as a function of
time from mouse
tumor after
injection of
nanoparticles.

(~1 X105 npzcell)

p=10=26x1010 |
nanoparticles = |
~ 3 x 10° cancer -
Cels .
—

Mous Mous 3 min 15 1 hr 2 hr 3 hr 4hr 55hr 23 hrs
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Labeling of Breast Cancer Cells with
magnetic NP

BT474 breast tumor
cells, labeled with
SiMag 1411 Carboxyl
magnetic NP, coupled
to anti-her2 Ab.
Left is bright-field
image of BT474 cells
showing NP bound to
surface, Right image
is dark=fieldimage.
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Ovarian Cancer

Anatomical Model under sensor Ovary with Carcinomas
system.

Carcinoma of
the left ovary

Falloplan tube

Nanoparticle in-vivo imaging permits several
consecutive injections of different markers to
improve sensitivity and specificity; e.g.,

CA125 & HMFG1/62 give \
95% sensitivity 93% specificity @;Q

/—\\\
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Live Ovarian Cell lines

Minimum Cells Detectable Vs Depth
for Three Ovarian Cell Lines (CA-125 Antibody)

Marker: CA125 2.5E+06

. Tumor visibility on X-ray —#-—tov-112D
Ce// Llﬂe NP/Ce// requires 10% cells = o0v-90
2.0E+06 —A— nih:ovcar-3

tov-112D 2.04 x104
ov-90 3.35 x 103
ovcar-3 6.73 x 103

1.5E+06

Typical Ovarian Depths

1.0E+06 /

Minimum Number of Cell:

5.0E+05

0.0E+00 B =T T T T T
2 3 4 5 6 7 8 9 10 11 12

Depth from Sensors (cm)
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Superparamagnetic Particles and the
Detection and Imaging of Disease




In-Vivo Detection of the Rejection
of a Transplanted Organ

1) Rejection of a transplanted organ occurs by T-cells that
attach to foreign Human-Leukocyte-Associated antigens on
the donor cells and kill them.

2) T-cells accumulate in small nodules within the organ.

3) T-cells can be targeted with specific antibodies, conjugated
to magnetic nanoparticles, and detected in-vivo by SQUID
sensors.

4) Method minimizes the need for painful biopsies.

5) Monitoring for T-cell presence will be used to determine the

amount of anti-immune system drugs being administered.

nior Scientific




Eachili=cellfwillthaver 58 x 1 0:2CD3
Antibodiesi conjigaied ornanopariicies

1) Current SQUID system detects 10° cells at 4 cm
and 10° at 8cm.

2) This corresponds to the amount in ~100 micron
diameter nodules.

3) Completely rejected organ may contain 10%° - 10
T=cells.

4) Transplanted organs include kidney, heart, liver
and\lung:
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Specific Binding of Nanoparticles to Cells

Jurkat cells are leukemia T-cells
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MaghescisieldiConmolrs ei Daiaranaieery,
for o Lz €2l Saldezs i) Llelf2y Pk dis)

tran_02_22 10_cont tran_02_22 10_cont theory
] 5 _,-- = I
-~ 787 =
-.1_—‘.‘5 = == =" o — ==

Source 1 X zZ m(A-m?) Cells
measured 1.4+3 -1.1+.3 5.5+.3 1.52E-07 4.3E+06
imaged 1.3+4 -19+4 5.0+.3 1.45E-07 4.1E+06

Sourceé2
measured -2.7+.3 -1.5+£3 5.5+£.3 1.60E-07 4.6E+06
imaged -2.7+4 -2.2+3 5.0+.3 1.60E-07 4.6E+06
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Superparamagnetic Particles and the
Detection and Imaging of Disease




Diseases of the Brain

Nanoparticles and SQUID detection can be used to detect, and
potentially treat, disease’s of the brain; e.g., Alzheimer's and
Multiple Sclerosis.
Specific
coatings such
as PEG help to

get past the Protease inhibitor Magnetic Nanoparticle
BBB with
magnetic

@
nanoparticles
carrying
Antibodies and /
Drugs
@
Antibody

PEG Coating

$
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Methodology of Detection and Treatment of AD

1) Use nanoparticles coated with PEG to get
by BBB

2)Use antibodies for Amyloid Plaque and Tau

3)Inject into patient and detect and localize
plague and Tau deposits

4)Determine presence and state of AD

5)Inject nanoparticles with antibodies and
anti-plaque drug

6) Magnetically concentrate particles over

localized plaque sites

Senior Scientific
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Localization of Nanoparticle Sources in the Brain

Experimental Fields  Theoretical Fields

br2_03_26_14-26_cont

14

Dipole1: X

-3.12 0.70 4.53 3.26
7.2E+10

Dipole2ivxX Y Z M
2.19 1.85 4.31 4.07
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Alzheimer Disease Status

1) Primary Imaging analysis completed

2) Antibodies for Amyloid Plaque and Tau
3) Antibodies coupled to Nanoparticles
4)Flash-frozen brain slices of AD Patients

5) AD Mouse model under development
(UMN have developed AD mouse)



Summary

(1) SQUID sensor sensitivity can detect and image brain
magnetic fields and targeted nanoparticles in disease.

(2)Measurement of natural biomagnetic fields can be used to
understand brain function

(3)Measurement of natural biomagnetic fields can be used to
understand the working mind

(4) Magnetic nanoparticles and weak field sensors can be used
for early disease detection.

(5)Nanoparticle applications include cancer, leukemia,
transplant rejection, and brain diseases.

(6) Treatment options include multi-function nanoparticles for
localization and magnetic concentration or hyperthermia.
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